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Targeting of Nir2 to Lipid Droplets Is Regulated
by a Specific Threonine Residue
within Its PI-Transfer Domain
threonine 59, within this domain, is critical for RdgB
function [2].
Drosophila RdgB, which has been localized to the
subrhabdomeric cisternae (SRC) of photoreceptor cells
[7], was considered to be an integral membrane protein
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Israel consisting of six transmembrane domains [8]. To assess
whether Nir2 is an integral membrane protein, we carried
out a subcellular fractionation study. HeLa cells, which
express relatively high levels of endogenous Nir2, wereSummary
homogenized, and the membranes and cytosolic frac-
tions were separated by high-speed centrifugation. AsNir2, like its Drosophila homolog retinal degeneration
shown in Figure 1B, Nir2 was mainly found in the mem-B (RdgB), contains an N-terminal phosphatidylinositol-
brane fraction but was also weakly detected in the cyto-transfer protein (PI-TP)-like domain [1]. Previous stud-
solic fraction. In contrast, the integral membrane pro-ies have suggested that RdgB plays an important role
teins epidermal growth factor receptor (EGFR) andin the fly phototransduction cascade and that its PI-
Calnexin, which are localized in the plasma membranetransfer domain is critical for this function [2–4]. In this
and the ER, respectively, were exclusively found in thedomain, a specific mutation, T59E, induces a dominant
membrane fraction. Conditions such as high pH (pH 11)retinal degeneration phenotype [2]. Here we show that
or strong denaturants (6 M guanidine), which disrupta similar mutation, T59E in the human Nir2 protein,
protein-protein interactions, caused dissociation of Nir2targets Nir2 to spherical cytosolic structures identified
from the membrane fraction, whereas high salt (2 Mas lipid droplets by the lipophilic dye Nile red. A trun-
KCl) or Triton X-100 (2%) had no apparent effect on itscated Nir2T59E mutant consisting of only the PI-trans-
membrane association. These results suggest that Nir2fer domain was also targeted to lipid droplets, whereas
is not an integral membrane protein but rather a mem-neither the wild-type Nir2 nor the Nir2T59A mutant was
brane-associated protein. Similar results were recentlyassociated with lipid droplets under regular growth
obtained for an additional family member, MrdgB2 [9].conditions. However, oleic-acid treatment caused
However, it should be noted that these findings are con-translocation of wild-type Nir2, but not translocation
trary to those presented by Aikawa et al. [10], who foundof the T59A mutant, to lipid droplets. This treatment
that PITPnm, the mouse ortholog of Nir2 (also calledalso induced partial targeting of endogenous Nir2,
MrdgB1) [11, 12], is insoluble at high pH (pH 11). Never-which is mainly associated with the Golgi apparatus,
theless, both Nir2 (Figure 1B) and MrdgB2 were foundto lipid droplets. Targeting of Nir2 to lipid droplets was
in the particulate fraction and were solubilized afterattributed to its enhanced threonine phosphorylation.
treatment with a denaturating agent or alkaline mem-These results suggest that a specific threonine within
brane extraction, but not with detergents. It was there-the PI-transfer domain of Nir2 provides a regulatory
fore suggested that MrdgB2 associates with a largesite for targeting to lipid droplets. In conjunction with
protein complex, probably of the cytoskeleton, becausethe role of PI-TPs in lipid transport, this targeting may
it was not detected in the detergent-insoluble lipid raftsaffect intracellular lipid trafficking and distribution and
[9]. Given the high conservation of the amino acid se-may provide the molecular basis underlying the domi-
quences of Nir/RdgB family members and of their hy-nant effect of the RdgB-T59E mutant on retinal degen-
drophobic stretches [1], it is likely that they exhibit simi-eration.
lar protein topology. We therefore suggest that Nir2,
its mouse ortholog PITPnm/MrdgB1, and probably the
Results and Discussion other Nir/RdgB family members are peripheral proteins
that associate with the membrane fraction.
Nir2 Associates with Golgi and ER Membranes To further characterize the subcellular localization of
Nir2, which belongs to a highly conserved family of pro- Nir2, we carried out indirect immunofluorescence analy-
teins and was recently implicated in the regulation of sis by using affinity-purified polyclonal antibodies that
cell morphogenesis [5], represents a nonclassical PI-TP specifically recognize Nir2. As shown in Figure 1C, in
because it contains a PI-TP-like domain (Figure 1A). Its interphase HeLa cells, Nir2 was mainly localized in the
Drosophila homolog, RdgB, is implicated in the visual Golgi region but could also be detected around the nu-
transduction cascade in flies. rdgB null mutants exhibit cleus and in small punctate vesicles in peripheral loca-
light-induced retinal degeneration, abnormal termina- tions. A weak reticular fluorescence staining resembling
tion of the light response, and profound loss of electrore- the ER was also obtained. The localization of Nir2 to the
tinogram (ERG) amplitude shortly after light exposure [4, Golgi and the ER was confirmed by double immuno-
6]. Previous studies have suggested that the complete staining with the Golgi marker Sialyltransferase (ST) [13]
repertoire of RdgB functions essential for normal photo- and the ER marker protein disulfide isomerase (PDI)
transduction resides in its PI-transfer domain, and that (Figures 1C and 1D). Furthermore, treatment with noco-
dazole, which induces microtubule depolymerization
and subsequent scattering of the Golgi complex [14],1Correspondence: sima.lev@weizmann.ac.il
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Figure 1. Nir2 Is a Membrane-Associated Protein that Localizes in the Golgi Apparatus and in the ER
(A) Domain organization of Nir2. Shown are the N-terminal PI-transfer domain, the acidic region, the six hydrophobic stretches (vertical lines),
and the conserved C-terminal domain.
(B) Nir2 associates with the membrane fraction. HeLa cells were homogenized, and centrifuging the postnuclear supernatant (PNS) at high
speed separated the membrane (M) from the cytosolic (C) fraction. The membrane fraction was treated as indicated and then separated into
a supernatant (S) or a pellet (P) by high-speed centrifugation. The distribution of Nir2 and the integral membrane proteins Calnexin and EGFR
in the different fractions was determined by Western blotting.
(C and D) Nir2 is localized in the Golgi apparatus and in the ER. Interphase HeLa cells were immunostained as indicated and analyzed by
confocal laser scanning microscopy. Shown are confocal images of HeLa cells double immunostained either with anti-Nir2 antibodies (red)
and Sialyltransferase (ST) antibodies (green), before and after treatment with nocodazole (2 M for 2 hr) (C), or with anti-Nir2 antibodies (red)
and anti-PDI antibodies (green), before and after treatment with brefeldin A (BFA, 10 g/ml for 30 min) (D). The scale bar represents 10 m.
(E) HeLa cells were homogenized, and the PNS was layered onto a 0.6–1.8 M sucrose gradient and centrifuged to equilibrium. Fractions of
1 ml were collected from the top to the bottom and analyzed by Western blotting.
led to complete dispersal of Nir2 and Sialyltransferase the Golgi, from the Golgi to the ER, or from the Golgi to
immunostaining. The two proteins were distributed the plasma membrane (see Supplementary material for
throughout the cytoplasm and colocalized in scattered further details). Nevertheless, substitution of threonine
structures of various sizes (Figure 1C). Likewise, upon 59 with glutamic acid targeted Nir2 to spherical struc-
brefeldin A (BFA) treatment, which causes redistribution tures that varied from 0.5 to 1 m in diameter in several
of Golgi proteins into the ER [15], the colocalization of cell types, including HeLa, MCF-7, and TE671 (Figure
Nir2 with PDI was enhanced (Figure 1D). These results 2A), among others. These structures failed to colocalize
suggest that Nir2 is mainly associated with the Golgi, with early, late, and recycling endosomes or with lyso-
but a small fraction of Nir2 is also found in the ER. somes or secreted vesicles. Furthermore, they were re-
Results of these immunolocalization studies were fur- sistant to cytochalasin D, nocodazole, and BFA treat-
ther confirmed by a cell-fractionation study on a continu- ments and were immobile (our unpublished data).
ous sucrose density gradient. The Western analysis The unique morphological characteristics of Nir2T59E-
shown in Figure 1E clearly demonstrates that Nir2 is containing vesicles were reminiscent of those obtained
enriched in the GOS-28-positive Golgi fractions. Never- by overexpression of a Caveolin dominant negative mu-
theless, it was also weakly detected in the heavier mem- tant, cav-3DGV, which was shown to be targeted to lipid
brane fractions, including the Calnexin-positive ER frac- droplets [16]. To test whether the Nir2T59E-positive
tions. These results are consistent with a previous report spherical structures were lipid droplets, we double
demonstrating the localization of PITPnm in the Golgi stained cells expressing HA-tagged Nir2T59E with anti-
apparatus and in the ER [10]. HA antibodies and Nile red, a probe for neutral lipids
that is known to label the lipid droplet core [17]. As
shown in Figure 2B, the Nir2T59E mutant was localizedThe Nir2T59E Mutant Is Targeted to Lipid Droplets
to the surface of the lipid droplets around the lipid core.The specific localization of Nir2 in the Golgi apparatus
Expression of Nir2T59E had no apparent effect on theand in the ER (Figure 1), and the profound effect of
size, number (Figure 2B), or content (our unpublishedRdgB-T59E mutant on Rhodopsin trafficking [2], led us
data) of the lipid droplets. Furthermore, under standardto assume that Nir2 may play a role in protein trafficking.
culture conditions, neither wild-type Nir2 nor theHowever, overexpression of wild-type Nir2 or either the
Nir2T59A mutant was targeted to lipid droplets. Thus,T59E or the T59A mutant, in which threonine 59 was
targeting to lipid droplets is a unique property of thereplaced by glutamic acid or alanine, respectively, had
no obvious effect on protein trafficking from the ER to Nir2T59E mutant.
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Figure 2. The Nir2T59E Mutant Is Targeted to Lipid Droplets
(A) MCF-7, TE672, or HeLa cells were transiently transfected with expression vector encoding an HA-tagged Nir2T59E mutant. One day later,
the cells were fixed, immunostained with anti-HA antibodies, and analyzed by confocal microscopy. As shown, this mutant was mainly located
in enlarged spherical cytosolic structures. The scale bar represents 10 m.
(B) HeLa cells expressing the HA-tagged Nir2T59E mutant were double stained with anti-HA antibodies (green) and Nile red (red). The merged
image demonstrates the localization of the Nir2T59E mutant around the Nile red-positive cores of the lipid droplets. The scale bar represents
10 m.
In addition, we further characterized the structural re- targeting to lipid droplets. In contrast, the PI-transfer
domain of either wild-type Nir2 or the T59A mutant ex-quirements for Nir2 targeting to lipid droplets by con-
structing truncated Nir2 mutants that contained only the hibited cytoplasmic localization. Similar to the full-
length Nir2T59E mutant, the truncated PI-transfer do-PI-transfer domain (aa 1-257) of wild-type Nir2, Nir2T59E,
or Nir2T59A fused to GFP. As seen in Figure 3, the main of Nir2T59E had no obvious effect on the size,
number, or content of the lipid droplets (our unpublishedNir2T59E truncated mutant localized to lipid droplets,
indicating that its PI-transfer domain is sufficient for data).
Wild-Type Nir2 Is Targeted to Lipid Droplets
in Response to Oleic-Acid Treatment
The specific targeting of Nir2T59E to lipid droplets led
us to assume that wild-type Nir2 might also be targeted
to lipid droplets under specific conditions. It was pre-
viously shown that oleic acid, a substrate for triacylglyc-
erol synthesis, induces lipid droplet accumulation [18].
We therefore assessed the localization of both wild-
type Nir2 and the T59A mutant in response to oleic acid
treatment. Nile-red staining of oleic acid-treated HeLa
cells showed accumulation of lipid droplets, consistent
with previous reports [19]. Under these conditions, wild-
type Nir2 and the Nir2T59E mutant, but not the Nir2T59A
mutant, were detected surrounding the lipid droplets
(Figure 4A). These results suggest that under certain
conditions, wild-type Nir2 is targeted to lipid droplets.
Oleic Acid Induces Targeting of Endogenous
Nir2 to Lipid Droplets and Enhances
Its Threonine Phosphorylation
Next, we examined whether oleic-acid treatment causes
targeting of endogenous Nir2 to lipid droplets. HeLa
Figure 3. The PI-Transfer Domain of Nir2T59E Mutant Is Sufficient
cells were treated with oleic acid, and the associationfor Its Targeting to Lipid Droplets
of Nir2 with lipid droplets was assessed biochemically
Shown are confocal images of HeLa cells expressing the PI-transfer
with a sucrose density gradient. Fractions were analyzeddomain of Nir2, Nir2T59A, and Nir2T59E fused to GFP. Lipid droplets
for protein and lipid distribution by Western blotting andwere stained with Nile red and analyzed by confocal microscopy.
The scale bar represents 10 m. by thin-layer chromatography (TLC), respectively. As
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Figure 4. Oleic Acid Induces Translocation of Wild-Type Nir2 to Lipid Droplets and Enhances Its Threonine Phosphorylation
(A) HeLa cells expressing GFP-Nir2, GFP-Nir2T59A, or GFP-Nir2T59E were incubated with oleic acid (400 M) for 24 hr, stained with Nile red
(not shown), and analyzed by confocal microscopy. The scale bar represents 10 m.
(B) Endogenous Nir2 is partially targeted to lipid droplets upon oleic-acid treatment. HeLa cells were grown in the absence or presence of
400 M oleic acid for 24 hr and homogenized, and the PNS was layered onto 10 ml of continuous 0.2–1.8 M sucrose gradient. Floating lipid
pellicles were gently removed from the top of the gradient, and 1 ml fractions were collected. The distributions of Nir2, as well as the Golgi
marker p58, the ER marker Calnexin, and the endosomal marker Rab5, were determined by Western blotting. The distributions of triacylglycerols
(TG) and cholesterol were determined by TLC.
(C) Oleic acid enhances phosphorylation of Nir2 on threonine residues. HeLa cells were grown in the absence or presence of 400 M oleic
acid for 24 hr. Nir2 was immunoprecipitated with an anti-Nir2 antibody and immunoblotted as indicated. The level of Nir2 expression in oleic
acid-treated and untreated cells was determined by Western blotting with anti-Nir2 antibodies.
(D) HeLa cells were transiently transfected with expression vectors encoding HA-tagged Nir2 or HA-tagged Nir2T59A. The cells were grown
in the absence or presence of 400 M oleic acid for 24 hr. The transfected Nir2 proteins were immunoprecipitated with anti-HA antibody and
immunoblotted as indicated.
shown in Figure 4B, in HeLa cells grown in standard low possibility that the T59E mutation mimics a phosphory-
lated form and that this phosphorylation provides a tar-lipid-containing media, Nir2 was detected in the ER and
Golgi fractions. However, upon oleic-acid treatment, geting mechanism to lipid droplets. We therefore exam-
ined whether oleic acid could induce phosphorylationNir2 was enriched in the lipid droplet fraction. This frac-
tion appears at the top of the gradient because it con- of endogenous Nir2 and thereby target it to lipid drop-
lets. We grew HeLa cells in the absence or presence oftains a high lipid/protein ratio, and it was primarily en-
riched with triacylglycerols, as shown in the TLC results oleic acid and assessed Nir2 phosphorylation via West-
ern blotting by using antibodies against phosphotyro-(Figure 4B). Neither cholesterol nor cholesterol ester
significantly accumulated in HeLa cells under these sine, phosphoserine, or phosphothreonine. As shown in
Figure 4C, oleic-acid treatment had no effect on thegrowth conditions, consistent with previous reports [19].
Thus, oleic acid treatment causes partial targeting of level of Nir2 expression, but it induced threonine phos-
phorylation of Nir2 protein. Similarly, ectopicaly ex-endogenous Nir2 to the lipid droplets.
Because lipid droplets are derived from the ER, where pressed Nir2 was also phosphorylated on threonine resi-
dues upon oleic-acid treatment, in contrast to its mutanttriacylglycerides (TG) and cholesteryl ester (CE) are syn-
thesized [20], and because endogenous Nir2 is also lo- Nir2T59A (Figure 4D). No detectable tyrosine phosphor-
ylation or enhanced serine phosphorylation of Nir2 werecalized in the ER (Figure 1D), it could be that the targeting
of Nir2 to these structures affects lipid transport from observed after oleic-acid treatment (Figure 4C). These
results, in conjunction with the specific targeting of thethe ER. Although we did not detect an effect of Nir2T59E
overexpression on CE or TG levels in transiently trans- T59E mutant to lipid droplets, suggest that phosphoryla-
tion of Nir2 at threonine 59 provides a mechanism forfected cells (our unpublished data), we cannot exclude
the possibility that its targeting to lipid droplets might targeting to lipid droplets.
affect the distribution of a specific intracellular lipid(s).
The constitutive targeting of the Nir2T59E mutant to Conclusions
In the present study, we show that Nir2 is not an integrallipid droplets, as well as the oleic acid-induced targeting
of wild-type Nir2 but not the T59A mutant, raised the membrane protein; rather, it is a membrane-associated
Brief Communication
1517
protein (Figure 1B) that is mainly localized in the Golgi ganelle. In light of the presently described results, this
organelle might be lipid droplets. Targeting of RdgB-apparatus in interphase cells (Figures 1C and 1E) and
can translocate to lipid droplets under specific condi- T59E to lipid droplets might affect intracellular lipid
transport and/or distribution, and consequently the de-tions (Figure 4A). Lipid droplets consist of a highly hy-
drophobic core of neutral lipids, mainly triacylglycerols velopmental and morphological abnormalities of the
rhabdomeres. While these results suggest that Nir2 isand/or steryl esters, surrounded by a phospholipid
monolayer [21]. Membrane-spanning proteins that have involved in the regulation of lipid transport, recently we
have shown that Nir2 regulates cell morphogenesis [5].a hydrophilic domain on either side of a membrane bi-
layer cannot be accommodated in lipid droplets, mainly Whether these two properties are functionally related
needs further investigation.because the phospholipid monolayer surrounding the
lipid droplets floats on a hydrophobic core [21]. There-
Supplementary Materialfore, the proposed topology of Nir/RdgB family mem-
Supplementary Experimental Procedures are available online at http://bers as integral membrane proteins with six transmem-
images.cellpress.com/supmat/supmatin.htm.brane domains is inconsistent with the localization of
the Nir2T59E mutant on lipid droplets. In addition, the
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